probed with horseradish peroxidase-conjugated anti-rabbit IgG (1:2000 dilution) and anti-mouse IgG (1:5,000 dilution; Amersham Pharmacia Biotech, Piscataway, NJ). Enhanced chemiluminescence with ImmunoStar HRP detection kit (Bio-Rad) was used to develop immunoblots. In some blots we detected the presence of two bands (~69, ~66kDa: see Results) with the lighter band of lower molecular mass potentially representing another isoform of FoxP2. The resolution of this band appeared to depend upon the separation characteristics of the gel, including type of SDS-PAGE gel used (gradient gels enable better separation of bands), and the voltage (lower voltage also enhances band separation).
Antibodies: Two polyclonal antibodies directed against distinct polypeptide regions within the Cterminus of FoxP2 were employed for our studies. We originally tested a commercially available primary antibody made in goat against a FoxP2 peptide (Abcam, Inc.). We found that it resulted in high background on Western blots and yielded multiple bands that were difficult to interpret. This motivated us to develop our own antibody. Of note, the vendor subsequently discontinued the goat primary antibody and replaced it with an antibody made in rabbit against FoxP2; see below.
Throughout the text, we refer to the antibody that we generated as the FoxP2 antibody (Spiteri et al. 2007 ) which was used for all experiments described in this paper, unless otherwise noted. We distinguish it from the commercially available antibody by citing the vendor for the latter (i.e. Abcam).
We selected a 14 amino acid sequence, corresponding to amino acids 643-656 of human FoxP2 (EDLNGSLDHIDSNG, Genbank AF337817) and predicted from the FoxP2 coding sequences to be identical between humans and zebra finches (GenBank accession numbers AY395709 for zebra finch, and AF337817 for human). The selected peptide was conjugated with an extra cysteine on the amino terminus and coupled to MBS-KLH and injected into a female New Zealand white rabbit (Sigma-Aldrich, St. Louis, MO) then affinity purified. .The second antibody (used only in the in vitro transcription and translation assays, see below) was a commercially available, polyclonal rabbit antibody against the peptide "REIEEEPLSEDLE", corresponding to amino acids 703-715 of human FOXP2 (#16046 Abcam, Cambridge, MA), a sequence also identical in zebra finches. For preadsorption experiments, the FoxP2 antibody was incubated with either immunizing or nonantigenic peptides in excess quantity relative to the antibody concentration. For the non-antigenic peptides, we used a synthetic peptide from Gas11-(RNYFQLERDKI; gift from R.H. Crosbie, Ph.D, UCLA), a microtubule-associated protein (Bekker et al. 2007 ). The Gas11-and FoxP2 peptide sequences are not similar as no two consecutive amino acids are shared. A monoclonal antibody raised against Glyceraldehyde 3-phosphate dehydrogenase (#MAB374, 1:5000 GAPDH; Chemicon) was used to control for equal protein loading on immunoblots.
In vitro transcription and translation of zebra finch FoxP2: FoxP2 bacterial expression plasmids were constructed via directional cloning of PCR amplified zebra finch FoxP2 cDNA (GenBank AY395709) using primers designed with restriction sites for EcoRI and NotI into the vector pcDNA3 with the T7 and mammalian CMV promoters (Invitrogen). The correct FoxP2 cDNA sequence was confirmed by the UCLA Sequencing Core using an ABI 3700 DNA Analyzer (Applied Biosystems, Foster City, CA).
In three separate experiments, FoxP2 protein was made from 1 g of plasmid DNA using T7 QuickCoupled in vitro Transcription/Translation System (TnT; Promega). To confirm TnT protein product, Transcend® biotinylated lysyl tRNA reagent (Promega) was incorporated into the synthesis mixture, then samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes, probed with streptavidin-conjugated alkaline phosphatase (Promega, 1:1000), and visualized with Western Blue ® stabilized substrate (Promega). Identical blots containing TnT product were probed with anti-FoxP2 primary antibodies followed by detection with chemiluminescence reagents as previously described.
Quantification & Statistical Analyses:
Parametric statistics with two-tailed probabilities were used unless otherwise indicated. We note that the use of parametric versus nonparametric measures did not alter any experimental outcome. Immunoblots developed by enhanced chemiluminesence were imaged and analyzed using a cooled CCD camera-based image acquisition system (Chemi-Doc and Quantity One software package, Bio-Rad) and densitometric analysis using Quantity One. A total of 8 Western blots (exemplars are shown in Fig. 4A ,C) were probed with FoxP2 antibody. Each blot contained at least one bird from every behavioral condition. To determine whether FoxP2 levels varied as a function of behavioral condition, the FoxP2 value for each lane was normalized to its corresponding GAPDH value to obtain a ratio. The top band in each lane was quantified because of its robust signal strength although inclusion of the lighter, lower band did not alter the relative brain expression levels between groups. For example, in one blot, the normalized mean FoxP2 protein values per group (with 2-3 birds/group) obtained from quantifying the top bands only were: 0-NS: To determine whether FoxP2 levels were correlated with the amount of song in the singing groups, two measures of singing were each compared to the normalized FoxP2 levels. We observed that the distribution of the number of motifs sung by birds in the UD group values did not conform to normal assumptions, using the goodness-of-fit test P<0.05) . Thus, we proceeded to conduct multivariate analyses using non-parametric tests for ranked order. The Spearman"s Rho correlation coefficient is reported for all comparisons between FoxP2 protein and motifs. The amount of time spent singing was calculated by selecting 10 random motifs within the 2 hour period for each
Results

Specific detection of FoxP2 protein in Area X
The predicted protein sequence for zebra finch FoxP2 is ~710 amino acids and 98% identical to mouse and human homologs, with 100% identity to the human Fox domain (Haesler et al. 2004; Teramitsu et al. 2004 ). Both our resultant polyclonal antibody and a commercially available one (Abcam Inc., Cambridge, MA), raised against two non-overlapping peptides, recognize FoxP2 protein generated by in vitro transcription and translation (TnT; Fig. 2A ). Preadsorption of our antibody with the immunizing peptide prevented antibody binding to immobilized FoxP2 TnT protein product, whereas pre-incubation with a non-antigenic peptide sequence from Gas11-did not block antibody binding to FoxP2 (Fig. 2B) . This peptide competition experiment demonstrates that our FoxP2 polyclonal antibody recognizes zebra finch FoxP2 protein.
In zebra finch tissue, the FoxP2 antibody recognizes a protein of the expected molecular mass weight for FoxP2 similar to predicted zebra finch isoform III (69kDa; Haesler et al. 2004 ) in specific brain areas, as seen in bilateral punches taken from Area X of multiple male birds (Fig. 2C) , and from nidopallial and striatal regions outside of Area X (Fig. 2D) . These protein data suggest that the FoxP2 antibody is both specific and sensitive as it detects protein in Area X tissue punches taken from individual birds. Antibody specificity in vivo is confirmed by the preadsorption control which prevents antibody binding (Fig. 2D , asterisk). As these experiments were not aimed at quantifying protein as a function of behavioral condition, the birds were in different behavioral contexts. For example, in Figure 2D , the Area X punch came from a 0NS bird, a condition in which we expect lower levels of FoxP2 than at the 2NS time point. This may have contributed to the relatively low FoxP2 protein levels observed in the Area X lanes versus the striatal and nidopallial regions. In some immunoblots, we observed an additional fainter second band of slightly lower molecular mass by several kDa, similar to predicted zebra finch isoform 4 (see Methods, Figs. 2E, 4C) . We wondered whether the second band was region-specific and thus ran additional blots that included tissue from the nidopallium as well as the striatum outlying Area X. We found that these bands are not restricted to Area X, but are found in the other tissue extracts, as shown in a representative Western blot (Fig.   2E ). Rather, as noted in the Methods, observation of the second band appeared to depend upon the resolution characteristics of the gel (e.g. the blot in Figure 2D which shows one band was run at twice the voltage as that in 2E showing 2 bands). Further, inclusion or exclusion of the second band in the quantification did not alter the relationships between behavioral condition and FoxP2 protein levels (see below).
FoxP2 protein signal colocalizes with that for DARPP-32 in striatal neurons Conventional immunohistochemistry using our primary antibody against FoxP2 revealed stronger signals within the dorsal striatum compared with the nidopallium, (3A,B) consistent with mRNA expression data (Teramitsu et al. 2004; Haesler et al. 2004) . No detectable signal was observed when the primary antibody was omitted (Fig. 3C ). The colocalization of FoxP2 signals ( Fig . These comparisons revealed that undirected singers and directed singers had lower amounts of FoxP2 protein than levels in birds that did not sing for two hours (post-hoc Tukey-Kramer, P<0.05, 2-NS: n=6; 2-UD: n=9; 2-D: n=8). In some cases, FoxP2 levels in Area X of undirected singers could appear as lower than those in directed singers. An example is provided in Fig. 4C to enable a fuller representation of the range of results However, across all samples, no significant difference was observed in protein levels between UD and D singers. Other post-hoc comparisons between groups did not attain statistical significance.
FoxP2 protein levels and amount of song
Previous studies have shown that mRNA and protein levels of the immediate early gene ZENK (acronym for zif-268, egr-1, NGF1-A, and Krox-24) correlate with the amount of singing (Jarvis and Nottebohm 1997; Whitney and Johnson 2005) . Thus, we considered whether increased singing would increasingly down-regulate FoxP2, and examined levels of protein as a function of the amount of song sung for UD and for D singers (Fig. 5) . We observed a trend within the undirected group in which higher numbers of motifs resulted in lower FoxP2 levels ( (range = 98-215; mean±SEM = 143.9±16.5; Mann-Whitney U = 45, n 1 =8, n 2 =8, P=0.19). Similar, nonsignificant findings were observed when the estimated total amount of time spent singing (calculated per bird as the mean motif length of 10 motifs x total number of motifs sung in 2 hours; see Methods) was used (data not shown).
Corticosterone Levels Do Not Change Based on Behavioral Context
A potential confound for interpreting biological data obtained from behavioral manipulations such as those used here is that the housing conditions, including the presence or absence of the investigator or conspecifics may induce stress differentially across groups. To test this, we first verified our ability to detect differences in CORT levels in control male zebra finches between conditions of high versus low stress (see Methods). As expected, when handled, birds had an average ~2 fold higher level of plasma total corticosterone (CORT) than when undisturbed (1-tailed t-test: t = -3.79, P<0.01, n=6), and these differences did not vary whether birds were housed individually in sound attenuation chambers or grouped in an aviary (2-way ANOVA without replication, F = 1.10, P=0.46).
Based on this validation of our measurement protocol, we proceeded to examine CORT levels Additionally, blood samples were obtained at sacrifice for two of the non-singing birds used for the FoxP2 experiment, above. Despite having been distracted from singing by the investigator within the two hour period, we found that these birds had similarly low CORT levels (10.9 ng/ml, 7.8 ng/ml).
Discussion
Here, we present evidence for naturally-induced regulation of FoxP2 protein in Area X of adult zebra finches, similar to FoxP2 mRNA. Singing down-regulates FoxP2 protein within Area X, the specific subregion of songbird striatum dedicated to song (Scharff and Nottebohm 1991; Sohrabji et al. 1990 ). Both directed and undirected singers have lower FoxP2 levels at two hours after song onset compared with non-singing birds. These data suggest that FoxP2, previously implicated in the formation of vocal control circuitry and in human developmental-onset disorders also has an on-line function in the adult brain.
Our prior study showed that FoxP2 mRNA is only down-regulated by undirected, but not by directed, singing (Teramitsu and White 2006) . The difference in social regulation between FoxP2 mRNA and protein, seen here, has been observed for other transcription factors, notably the immediate early gene ZENK in which mRNA is uncoupled from protein levels in sensory versus motor processes (Whitney and Johnson 2005) . One interpretation is that singing results in FoxP2 protein turnover, regardless of social context, but that mRNA levels persist in directed singers leading to faster replenishment of the protein molecule. A time-course study that investigates protein and RNA half-lives during singing in the different social contexts may address this and alternative explanations. We do not know whether the singing-driven down-regulation in FoxP2 protein in Area X occurs in other song control regions since we did not measure them. No obvious changes in FoxP2 mRNA levels as a function of behavioral state were previously noted in these regions. However, the difference in the social regulation between mRNA versus protein observed here raises the possibility that differential mRNA versus protein regulation could occur in other regions.
In line with our previous study on FoxP2 mRNA (White and Teramitsu 2006), we observed a trend towards a negative correlation between the amount of undirected singing and Area X FoxP2 levels, while no such trend was observed in directed singers. We report this nonsignificant relationship due to a few considerations. First, in the mRNA study, we set a behavioral criterion of 90 motifs for inclusion of animals into singing groups in order to maximize the behavioral differences between groups. The 90 motif cut-off was preserved here to enable comparison between mRNA and protein studies. While this approach was successful in allowing us to discriminate differences in both mRNA and protein levels based on singing, it is not optimal for determining whether a wide range of singing levels is associated with a gradient in FoxP2 expression as it omits a substantial portion of the range (0-90 on the x-axis). Other studies have overcome this limitation by including birds that sang only a few motifs, and even non-singing birds, in correlations between amount of song and molecular expression (Jarvis et al. 1998, Jarvis and Nottebohm 1997; Poopatanapong et al. 2006) . Here, inclusion of data from non-singers with the UD data would indeed render a significant negative correlation between the number of UD motifs sung and the level of FoxP2 protein. However, nonsinging birds were housed under conditions that were distinct from the UD singers (in a cage next to the investigator, versus undisturbed inside an acoustic attenuation chamber). It may not be valid to combine data from these groups. For example, it could be that birds that simply did not sing when housed alone in sound attenuation chambers would have different FoxP2 levels than the non-singing birds used here. 
2004
) and with the structural abnormalities in the striatum of humans bearing FOXP2 mutations (Belton et al. 2003) . In contrast to developmental and seasonal roles in promoting growth of specialized brain structures, the behavioral use of such regions may depend on FoxP2 downregulation. Accordingly, a recent study showed that lentivirus-mediated RNA interference to reduce FoxP2 levels in Area X of young birds caused inaccurate imitation of the tutor song (Haesler et al. 2007 ). The abnormal songs were characterized by spectral and temporal differences in structure and resulted in more adult song variability compared with control birds. The constitutive knock-down of stability when FoxP2 levels are high versus when they are low (e.g. in the 2-NS versus the 2-UD groups used in this study) might reveal corresponding differences in behavioral variability.
Unfortunately, the 2-NS birds were sacrificed before any songs were sung -a criterion for group inclusion that precluded obtaining song records for such analysis.
One concern is that so-called behaviorally-driven changes in FoxP2, or other molecules, could actually be due to extraneous stress imposed by the experimental manipulations used to alter behavior, rather than the behavior itself. Previous reports have documented the effect of acute stress on memory tasks in zebra finches (Hodgson et al. 2007 ). Our findings do not appear to be confounded by the endogenous stress levels associated with the different behavioral conditions, as plasma CORT concentrations did not depend on the presence of a human or female bird nor on the surrounding environment. Male birds had low CORT at 20 minutes following experimental onset, despite the fact that 20 minutes corresponds to the peak in the acute stress response of zebra finches (Evans et al. 2006) . In a separate exemplar experiment, CORT levels were also low in two birds sampled for FoxP2 protein at the two hour timepoint. We were able to document low and high CORT levels in another subset of birds kept in a low versus high stress condition, validating the effectiveness of our measurements. Together, these stress steroid measurements alleviate potential concerns that the changes observed here in FoxP2 protein, and previously in FoxP2 mRNA (Teramitsu and White 2006) are attributable to stress. To our knowledge, this is the first analysis of the effects of common laboratory environments (e.g. sound attenuation chambers versus aviary) and social-context (alone versus in the presence of female birds or the investigator) on zebra finch stress. The surprising lack of stressful impact may be partly due to the acclimation period after birds are moved into the sound attenuation chamber and/or the familiarity of our birds with laboratory personnel as the investigators also provide daily care of our colony.
Identification of FoxP2 gene targets in songbird brain, including within Area X will help to elucidate molecular pathways important for motor learning. Already targets of FOXP2 have been identified in human neural tissue including in fetal basal ganglia and neuronal-like cell lines (Spiteri et al. 2007; Vernes et al. 2007 ). These targets are associated with neurite outgrowth, dendritic branching, intracellular signaling, and calcium mobilization, all processes important for remodeling of neuronal connections. Additional likely regulators of these target genes include transcription factors, such as CREB, known for their roles in neuronal plasticity (Bourtchuladze et al. 1994; Vernes et al. 2007 ). Some of these same targets may be shared with songbird brain, and analysis of how these targets vary in the songbird depending on developmental stage may be particularly informative with regard to formative versus on-line roles of FoxP2, as well as for roles shared with or unique to humans. Our current study, which links FoxP2 protein and learned vocal motor behavior are a step towards shedding insight on the function of FoxP2 in avian vocal learning, and by analogy to humans, in cognitive and motor processes important for speech and language. Spiteri E, Konopka G, Coppola G, Bomar J, Oldham M, Ou J, Vernes SC, Fisher SE, Ren B, and (Nottebohm et al. 1982; Nottebohm et al. 1976; Wild 1993) . The anterior forebrain pathway (AFP, dashed gray arrows), containing Area X, subserves song modification both during juvenile song learning and adult song maintenance (Bottjer et al. 1984; Brainard and Doupe 2000; Kittelberger and Mooney 2004; Leonardo and Konishi 1999; Scharff and Nottebohm 1991; Sturdy et al. 2003; Williams and Mehta 1999) .
Dark dashed line indicates approximate plan of section. Right --Area X (black) tissue punches were acquired as described in the Methods. (Fig. modified from 
